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Abstract

Background: We herein compared the diagnostic value of next-generation sequencing (NGS), bacterial culture, and
serological biomarkers to detect periprosthetic joint infection (PJI) after joint replacement.

Methods: According to the diagnostic criteria of the Musculoskeletal Infection Society, 35 patients who
underwent joint revision surgery were divided into infection (15 cases) and non-infection (20 cases) groups,
and were routinely examined preoperatively for erythrocyte sedimentation rate (ESR), C-reactive protein (CRP),
procalcitonin (PCT), interleukin-6 (IL-6), and D-dimer levels. All patients underwent arthrocentesis
preoperatively. Synovial fluid was used for white blood cell count, white blood cell classification, bacterial
culture, and NGS. Furthermore, we calculated the area under the curve (AUC) of the receiver operating
characteristic curve (ROC) for ESR, CRP, PCT, IL-6, and D-dimer. Data were assessed by comparing diagnostic
accuracy, sensitivity, and specificity.

Results: Fourteen patients showed positive results by NGS and seven showed positive bacterial culture
results in the infection group; further, 18 showed negative results by NGS in the non-infection group. The
AUC of ESR, D-dimer, CRP, IL-6, and PCT was 0.667, 0.572, 0.827, 0.767, and 0.808, respectively. The accuracy
of NGS, bacterial culture, CRP, IL-6, and PCT was 0.91, 0.74, 0.77, 0.74, and 0.83, respectively. When
comparing NGS with CRP, IL-6, PCT, and bacterial culture, differences in overall test results and those in
sensitivity were statistically significant, and compared with CRP, differences in specificity were also
statistically significant. In comparison with IL-6, PCT, and bacterial culture, the specificity of NGS was
statistically insignificant.

Conclusions: Our results indicated that NGS had higher accuracy and sensitivity than the bacterial culture
method and commonly used serological biomarkers for diagnosing PJI.
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Background
Periprosthetic joint infection (PJI) is the most common
cause of total knee arthroplasty failure (20.4%) [1] and
one of the main reasons for revision after total knee
arthroplasty (12.8%) [2]. Such a revision usually demands
multiple surgical interventions and has a higher inci-
dence of complications. The mortality rate of patients
with PJI undergoing arthroplasty is five times that of pa-
tients undergoing aseptic arthroplasty [3, 4].
The main difficulty associated with PJI is prompt and

accurate diagnosis, along with the detection of patho-
gens. Due to complicated reasons such as the existence
of biofilms on the surface of artificial joints, inconsistent
and nonoptimal processes for sampling pathogenic bac-
teria, small number of bacteria, and complex symbiotic
relationship involving bacteria, pathogens cannot be eas-
ily detected in approximately 50% patients with PJI.
Compared with culture-positive cases, the rate of infec-
tion recurrence is 4–5 times higher in culture-negative
cases [5].
Several biomarkers have been studied in recent years

to improve the accuracy of diagnosing PJI, such as C-
reactive protein (CRP) [6], α-defensin [7], leukocyte es-
terase [8], interleukin-6 (IL-6) [9], vascular endothelial
growth factor [10], and granulocyte colony-stimulating
factor [11], but the overall sensitivity (77–97%) and spe-
cificity (86–96%) remain inadequate [12]. PCR was once
considered a reliable method for diagnosing PJI [13].
Studies on the use of PCR to diagnose PJI continue to
be extensively conducted, but the sensitivity of the
method has been observed to widely vary. A meta-
analysis reported that the overall sensitivity of PCR was
only 76%, which is comparable to that of traditional cul-
ture [14].
Next-generation sequencing (NGS) is an emerging mi-

crobial diagnostic method that can detect all nucleic
acids present in a specimen at once, including those
from the host. For example, NGS has been reported to
successfully detect pathogenic bacteria in samples from
patients with nervous system infections [15] and sepsis
[16]. Further, it has been used for identifying pathogenic
organisms in medical systems and is associated with a
good clinical value. We conducted this study because at
present, very few studies have explored the use of NGS
for diagnosing PJI [5, 17], and thus, its diagnostic value
in case of PJI remains unclear.

Methods
Patients
We selected 35 patients who underwent joint revision
surgery (involving hip and knee joints) at our depart-
ment from July 2017 to December 2019. Patients diag-
nosed with PJI and aseptic loosening, as defined by
Musculoskeletal Infection Society (MSIS) criteria [18],

were included. Individuals were excluded if no fluid
could be aspirated prior to injecting sterile normal saline
and if infected lesions were present in other parts of
their body. The patients were divided into two groups:
infection and non-infection.

Preoperative specimens and detection indicators
Preoperative CRP, ESR, procalcitonin (PCT), IL-6, and
D-dimer levels were routinely examined.
The CRP and ESR were tested with C-Reactive Protein

Rapid Test Kit (Easydiagnosis Biomedicine co. Ltd.,
China) and Erythrocyte Sedimentation Rate Test Kit
(Jianglaibio, China) respectively. PCT was tested with
PCT ELISA kit (MSK co. ltd, China). IL-6 and D-dimer
were tested with IL-6 ELISA kit (MSK co. ltd, China)
and D-dimer ELISA kit (MSK co. ltd, China). Synovial
fluid was used for white blood cell count, white blood
cell classification. Joint fluid was respectively injected
into aerobic, anaerobic and blood culture bottles and
cultivated for 14d.
The receiver operating characteristic curve was used

to analyze results pertaining to CRP, ESR, IL-6, PCT,
and D-dimer, to evaluate diagnostic value for PJI, and to
determine the optimal cut-off value according to the
Youden index (sensitivity + specificity − 1). The accur-
acy, sensitivity, specificity, positive and negative predict-
ive values, and positive and negative likelihood ratio of
each detection method were simultaneously calculated.

NGS
For NGS, 0.6 mL specimen was transferred to a 2 mL
microcentrifuge tube containing 0.3 mL of 0.5 mm glass
beads. The tube was then attached to a horizontal plat-
form on a vortex mixer and vigorously agitated at 2800–
3200 rpm for 20 min. DNA was extracted using the TIA-
Namp Micro DNA Kit (DP316, TIANGEN BIOTECH),
according to manufacturer instructions. The extracted
DNA was quantified by Qubit 2.0 (Invitrogen, USA) and
up to 200 ng was used for library construction.
DNA library was constructed by DNA fragmentation,

end repair, and PCR amplification. Quality was assessed
using Agilent 2100 (Agilent Technologies) and Qubit 2.0
(Invitrogen). Double-stranded DNA was then converted
into single-stranded circular DNA via degradation and
cyclization. DNA nanospheres were subsequently gener-
ated by rolling circle amplification. Qualified DNA nano-
spheres were loaded onto a chip and then subjected to
20M 50-bp single-end sequencing on the BGISEQ-50
platform (BGI Genomics Co., Ltd.).
High quality sequencing data was obtained by remov-

ing low quality, short reads (length < 35 bp), followed by
computational subtraction of human host sequences
mapped to the human reference genome (hg19) using
the Burrows–Wheeler alignment tool. The remaining
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data by removal of low-complexity reads were classified
by simultaneously aligning to four Microbial Genome
Databases, comprising viruses, bacteria, fungi, and para-
sites. The databases were downloaded from NCBI (ftp://
ftp.ncbi.nlm.nih.gov/genomes/) and contained 1798
whole genome sequences of viral taxa, 6350 bacterial ge-
nomes or scaffolds, 1064 fungi related to human infec-
tion, and 234 parasites associated with human diseases.
In this study, we used the method of Street et al., [19]

to define the positive NGS results. When the RAG (Rela-
tive abundance in genus⁃ level) of the bacteria is calcu-
lated to be 10% ~ 35%, the pathogen with the highest
Youden index (sensitivity + specificity-1) for the diagno-
sis of PJI and the least missed culture-positive pathogen
is regarded as the pathogen.

Statistical methods
SPSS 24 (IBM, Armonk, NY, United States) was used for
statistical analysis. We used descriptive statistics to dis-
play baseline characteristics. Two groups of continuous
variables were compared by t-test or nonparametric test
(Mann–Whitney U test), and categorical variables were
assessed using chi-square test. McNemar test was used

to compare the two methods. P < 0.05 indicated statis-
tical significance.

Results
Based on the MSIS criteria, the infection and non-
infection groups included 15 and 20 patients, respect-
ively (Fig. 1). There were no significant differences in
age, gender, body mass index, and affected joints be-
tween the groups. There were seven cases (46.7%) of hip
joints and eight (53.3%) of knee joints in the infection
group, and there were 12 cases (60.0%) of hip joints and
eight (40.0%) of knee joints in the non-infection group.
No statistically significant difference was noted in the
composition ratio between the groups (P > 0.05;
Table 1).
In the infection group, 14/15 (93.3%) patients showed

positive results via NGS and 7/15 (46.7%) had positive
bacterial culture results, whereas in the non-infection
group, 18/20 (90.0%) patients showed negative results
via NGS and 1/20 (5.0%) had bacterial culture results.
The mNGS positive results of infection group included 6
cases of Staphylococcus aureus, 2 cases of Pseudomonas
aeruginosa, 2 cases of Staphylococcus epidermidis, 2
cases of Streptococcus pyogenes, 1 case of Staphylococcus

Fig. 1 Patient selection flowchart. THA Total Hip Arthroplasty, TKA Total Knee Arthroplasty, + Positive, − Negative
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lugdunensis, and 1 case of Clostridium perfringens. The
culture positive results of the infection group included 3
cases of Staphylococcus aureus, 2 cases of Streptococcus
pyogenes, and 1 case of Clostridium perfringens,1 case of
Staphylococcus. The mNGS positive results of non-
infection group included 1 case of Candida glabrata and
1 case of Clostridium perfringens. The culture positive
results of the infection group included 1 case of Candida
glabrata (Table 2). NGS and bacterial culture results
showed significant differences between the infection
(P < 0.01) and non-infection groups (P = 0.011).
CRP levels were significantly higher in the infection

group [18.3 (8.9–32.2) mg/dL] than in the non-infection
group [5.7 (3.7–10.8) mg/dL)] (P = 0.001). The difference
in ESR levels was not statistically significant between the

groups [32.3 (11.7–50.5) mm/h vs. 17.2 (12.6–22.8) mm/
h, P = 0.099]. The levels of IL-6 and PCT were 16.8 (9.5–
37.6) pg/mL and 3.5 (0.3–4.8) ng/mL in the infection
group, respectively, which were significantly higher than
those in the non-infection group [8.4 (3.3–15.5) pg/mL
and 0.2 (0.1–0.3) ng/mL, P = 0.007 and P = 0.001, re-
spectively]. There was no statistically significant differ-
ences in D-dimer levels between the groups [0.6 (0.2–
1.9) mg/L vs. 0.5 (0.2–0.9) mg/L, P = 0.479] (Table 3,
Fig. 2).
The area under the curve (AUC) of ESR and D-dimer

was 0.667 and 0.572, respectively (P > 0.05). The AUC of
CRP, IL-6, and PCT was 0.827, 0.767, and 0.808, respect-
ively (P < 0.05). The corresponding clinical diagnostic
cut-off values were 11.2 mg/dL for CRP, 23.05 pg/mL for

Table 1 Baseline patient characteristics

Total Infection group Non-infection group P value

Age (years) 67.8 ± 7.4 66.4 ± 7.6 68.8 ± 7.2 0.348

67 (62–74) 67 (63–69.5) 68.5 (62–74) 0.458a

Sex 0.728b

Men 21 (60) 10 (66.7) 11 (55)

Women 14 (40) 5 (33.3) 9 (45)

BMI 27.2 ± 2.3 26.9 ± 2.4 27.4 ± 2.1 0.550

Affected joint 0.506b

Hip 19 (54.3) 7 (46.7) 12 (60)

Knee 16 (45.7) 8 (53.3) 8 (40)
aMann-Whitney U test, bFisher exact test, BMI Body Mass Index

Table 2 mNGS and culture results of infection group and non-infection group

Number Group mNGS CovRate Depth SD SMRN Culture

1 Infection Staphylococcus lugdunensis 0.2132 1 26 Staphylococcus

2 Infection Staphylococcus aureus 10.33 1.07 6941 Staphylococcus aureus

3 Infection Clostridium perfringens 2.68 1.02 1172 Clostridium perfringens

4 Infection Staphylococcus aureus 0.4439 1 183 Staphylococcus aureus

5 Infection Streptococcus pyogenes 0.8676 1 864 Streptococcus pyogenes

6 Infection Streptococcus pyogenes 0.0646 1 78 Streptococcus pyogenes

7 Infection Staphylococcus aureus 0.764 1 256 Staphylococcus aureus

8 Infection Staphylococcus epidermidis 0.058 1 56 –

9 Infection Staphylococcus aureus 9.34 1 5624 –

10 Infection Staphylococcus aureus 0.672 1 423 –

11 Infection Pseudomonas aeruginosa 0.146 1 314 –

12 Infection Pseudomonas aeruginosa 0.084 1 22 –

13 Infection Staphylococcus epidermidis 8.4 1 2385 –

14 Infection Staphylococcus aureus 0.106 1 24

15 Non-infection Candida glabrata 2.033 1 4221 Candida glabrata

16 Non-infection Clostridium perfringens 0.092 1 44 –

mNGS Metagenomics next generation sequencing, CovRate Coverage Rate, SD SMRN Standardized Stringently mapped reads number in species level
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IL-6, and 2.29 ng/mL for PCT (Table 4, Fig. 3). Accord-
ing to this critical point, the sensitivity of CRP, IL-6, and
PCT was 0.667, 0.467, and 0.467, respectively, and the
specificity was 0.850, 0.95, and 0.95, respectively. The
sensitivity of NGS and bacterial culture was 0.933 and
0.467 (P < 0.05), respectively, and the specificity was 0.90
and 0.95 (P > 0.05), respectively. The accuracy of NGS,

bacterial culture, CRP, IL-6, and PCT were 0.91, 0.74,
0.77, 0.74, and 0.83, respectively.
On comparing NGS with CRP, IL-6, PCT, and bacter-

ial culture, the overall test results were statistically sig-
nificant (P < 0.01). Moreover, when comparing IL-6 and
PCT with CRP, no significant differences were found in
the overall test results (P > 0.05), and on comparing
NGS with CRP, IL-6, PCT, and bacterial culture, the dif-
ference in sensitivity was statistically significant (P <
0.05). Compared with CRP, the specificity difference of
NGS was statistically significant (P < 0.05), and com-
pared with IL-6, PCT, and bacterial culture, the specifi-
city of NGS was statistically insignificant (P > 0.05;
Table 5).

Table 3 NGS, bacterial culture and serum biomarker test results

Infection group Non-infection group P value

CRP (mg/dL) 18.3 (8.9–32.2) 5.7 (3.7–10.8) 0.001a

ESR (mm/h) 32.3 (11.7–50.5) 17.2 (12.6–22.8) 0.099a

IL-6(pg/ml) 16.8 (9.5–37.6) 8.4 (3.3–15.5) 0.007a

PCT (ng/mL) 3.5 (0.3–4.8) 0.2 (0.1–0.3) 0.001a

D-Dimer (mg/L) 0.6 (0.2–1.9) 0.5 (0.2–0.9) 0.479a

NGS < 0.001b

+ 14 (93.3) 2 (10)

- 1 (6.7) 18 (90)

Bacterial culture 0.011b

+ 7 (46.7) 1 (5)

_ 8 (53.3) 19 (95)
aMann-Whitney U test, bFisher exact test, + positive, - negative

Fig. 2 Comparison of different serum biomarkers levels between infection group and non-infection group. a The CRP value of the infecton group
was significantly higher than that of the non-infection group (P = 0.001), b There was not significantly different of ESR value between infection
group and non-infection group (P = 0.099), c The IL-6 value of the infecton group was significantly higher than that of the non-infection group
(P = 0.007), d The PCT value of the infecton group was significantly higher than that of the non-infection group (P = 0.001), e There was not
significantly different of D-dimer level between infection group and non-infection group (P = 0.479), f 14/15 (93.3%) patients showed positive
results via NGS and 7/15 (46.7%) had positive bacterial culture results in the infection group, whereas in the non-infection group, 18/20 (90.0%)
patients showed negative results via NGS and 1/20 (5.0%) had bacterial culture results

Table 4 The AUC and Cutoff value for CRP, ESR, IL-6, PCT and
D-dimer

AUC SE P Value 95% CI Cutoff value

CRP 0.827 0.069 0.001 0.692–0.961 11.20

ESR 0.667 0.107 0.096 0.457–0.876 26.50

IL-6 0.767 0.081 0.008 0.608–0.926 23.05

PCT 0.808 0.085 0.002 0.642–0.774 2.29

D-Dimer 0.572 0.103 0.474 0.369–0.889 1.02
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Discussion
We herein explored the value of NGS for diagnosing PJI.
Our results showed that the sensitivity of NGS to diag-
nose PJI (93.3%) was significantly higher than that of
bacterial culture (47%); moreover, NGS showed a higher
positive diagnostic rate for culture-negative cases
(87.5%). We also compared the diagnostic value of NGS
and commonly used serological biomarkers to detect PJI.
We found that the accuracy and sensitivity of NGS for
diagnosing PJI was significantly higher than those of
serological biomarkers.
NGS is widely used to perform metagenetic analyses,

and it can simultaneously detect sequences from mil-
lions of bases in a single biochemical reaction. In 2005,
Margulies et al. performed genome-wide sequencing of
Mycoplasma genitalium and Streptococcus pneumoniae,
marking the beginning of the “NGS revolution.” [20]
Further, in 2014, Wilson et al. used NGS for the first

time to diagnose infectious diseases [16]. NGS could re-
portedly diagnose clinically uncommon pathogenic bac-
terial infections and markedly improve the detection of
clinically important pathogens, revolutionizing microbial
diagnosis. In 2018, Tarabichi et al. reported the use of
NGS for diagnosing PJI for the first time. Based on the
MSIS criteria, they found that the positive diagnostic
rate of NGS was 89.3% for infected cases and 25% for
non-infected and culture-negative cases [5]. In the
present study, the positive diagnostic rate of NGS was
93.3% for infected cases and 5.3% for non-infected and
culture-negative cases. This disparity in results can be
attributed to differences in threshold standards. Different
NGS platforms, reagents, and databases tend to lead to
variances, and NGS detection results also greatly vary.
NGS can be not only qualitative but also quantitative,
and it can detect the sequence number of bacterial frag-
ments in a specimen. Further studies are warranted to

Fig. 3 The receiver operating characteristic curve (ROC) for CRP, PCT, IL-6. The AUC of CRP, IL-6, and PCT was 0.827, 0.767, and 0.808,
respectively (P < 0.05)

Table 5 The Diagnostic capabilities of CRP, IL-6, PCT, NGS and bacterial culture

FP TP TN FN P ACC Sen P Spe P PPV NPV +LR -LR

CRP 3 10 17 5 < 0.01* 0.77 0.67 < 0.05* 0.85 < 0.05* 0.77 0.77 4.44 0.39

IL-6 1 7 19 8 < 0.01* 0.74 0.47 < 0.05* 0.95 > 0.05* 0.88 0.70 9.33 0.56

PCT 1 10 19 5 < 0.01* 0.83 0.67 < 0.05* 0.95 > 0.05* 0.91 0.79 13.33 0.35

NGS 2 14 18 1 – 0.91 0.93 – 0.90 – 0.88 0.95 9.33 0.07

BC 1 7 19 8 < 0.01* 0.74 0.47 < 0.05* 0.95 > 0.05* 0.88 0.70 9.33 0.56

FP False positive, TP True positive, TN True negative, FN False negative, ACC Accuracy, Sen Sensitivity, Spe Specificity, PPV Positive predictive value, NPV Negative
predictive value, +LR Positive likelihood ratio, -LR Negative likelihood ratio, *compared with NGS, BC bacterial culture
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explore the diagnostic significance of the sequence
number.
At present, bacterial culture remains the standard

method for the definitive diagnosis of PJI; however,
the sensitivity of this technique is highly inconsist-
ent (58–95%), which can be attributed to the use of
antibiotics before sampling, inconsistency in
standardization of sampling and specimen transmis-
sion, variances in cultivation time, and presence of
unusual bacteria [21, 22]. Berbari et al. found that
53% patients with culture-negative PJI had been
treated using antibiotics before sampling. On using
large quantities of broad-spectrum antibiotics before
sampling, bacterial count reduces or secretions con-
tain antibiotics, consequently affecting bacterial
growth and propagation [23]. Moreover, the current
bacterial culture time may not be sufficiently long,
typically ranging from 3 to 5 days, rather than 2
weeks [24]. In addition, other medical institutions
use conventional culture media, which makes the
cultivation of microorganisms such as fungi and
mycobacteria challenging. Studies have reported that
46% culture-negative PJIs are caused by fungal in-
fections and 43% by mycobacteria [25]. Diagnosing
culture-negative PJI is very difficult and may involve
a comprehensive evaluation with clinical methods,
radiology, serology (inflammatory markers), histo-
pathology, and microbiology. We herein found that
the sensitivity of the bacterial culture method to
diagnose PJI was 47%, which is lower than the data
reported in the literature. This could be because
among the eight culture-negative patients with PJI,
NGS results indicated that one patient was infected
with Candida albicans. NGS results also showed
that Staphylococcus aureus was the most common
pathogenic bacteria in prosthetic joint infections.
Further, two patients had a history of treatment
using broad-spectrum antibiotics. Our findings indi-
cate that bacterial culture and NGS results were
generally consistent.
To the best of our knowledge, such an investigation

has not been conducted as yet. The ideal method to
screen PJI should be highly sensitive so as to minimize
false negatives. Serological markers are still the most
commonly used method for the clinical diagnosis of PJI.
Our results showed that the AUC of ESR and D-dimer
was 0.667 and 0.572, respectively, but the results showed
no statistical significance. D-dimer, a coagulation-related
indicator, has recently been used as a tool for the diag-
nosis of periprosthetic joint infection (PJI), but its reli-
ability is uncertain. A meta-analysis reported that D-
dimer has limited performance for the diagnosis of PJI
[26]. The results of our research are the same as re-
ported in the literature. The sensitivity of CRP to

diagnose PJI is 67%, which was lower than that reported
by the most recent study (85.1%) [27]. The main reason
for this is that in this study, the diagnostic cut-off value
calculated by the Youden index for CRP was > 11.2 mg/
L, which is higher than the cut-off value recommended
by the MSIS (> 10mg/L). A higher cut-off value can lead
to a decrease in sensitivity. IL-6 was initially considered
to be a highly sensitive and specific marker of PJI [28].
However, because pertinent studies did not consider the
confounding effects of previous antibiotic use and re-
lated inflammatory conditions on IL-6 and other inflam-
matory markers, there may have been a selection bias
[29]. PCT is often used as a marker of systemic infec-
tion, but its role in the diagnosis of local infections (such
as PJI) is limited because the threshold of PCT in pa-
tients with local infections substantially overlaps with its
normal range [30]. We herein found that with regard to
PJI diagnosis, in comparison with CRP, there was no sig-
nificant difference in the overall test results of IL-6 and
PCT. This result is the same as that previously reported
in the literature, i.e., studies have not confirmed that IL-
6 and PCT are superior to traditional blood biomarkers
for diagnosing PJI [31].
As with other methods to diagnose PJI, NGS also has

both advantages and disadvantages. The main advantage
of NGS is unbiased sampling, leading to the identification
of known as well as novel organisms [32]. Further, NGS
can provide auxiliary genomic information needed to pre-
dict drug resistance [33]. It can also generate quantitative
or semiquantitative data pertaining to bioconcentration by
counting sequencing reads, which is very useful for sam-
ples containing multiple microorganisms or in case of dis-
ease processes involving more than one pathogen [34].
The main inherent disadvantage of NGS is that microbial
nucleic acids in a sample can be affected by the presence
of human nucleic acids. The vast majority of sequences
(usually > 99%) come from human hosts, consequently
limiting the overall analytical sensitivity of pathogen de-
tection methods [35]. Another potential challenge is that
testing samples, reagents, or contaminating microorgan-
isms in the laboratory environment can affect the accuracy
of results [36, 37]. In addition, while metagenes can be
used to detect pathogenic bacteria, they cannot be used
for drug sensitivity tests at the same time, which remains
a persistent issue. The third disadvantage is that NGS is
not a feasible approach for routine testing, because the
price is still high at $500 or more per test.
This study had some limitations: (1) The sample size

was relatively small. (2) Choosing the MSIS criteria as
the gold standard for diagnosing PJI may cause grouping
errors. This can explain the results that bacteria were
detected in the samples of two separate patients in non-
infection group. (3) Benefit analysis was not performed
for NGS.
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Our results nevertheless clearly indicated that NGS
had higher accuracy and sensitivity than the bacterial
culture method and commonly used serological bio-
markers, and thus, we report that its diagnostic value to
detect PJI is relatively much higher.
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